Precision measurements of rare particle physics phenomena (flavor oscillations and decays, electric dipole moments, etc.) are often sensitive to the effects of new physics encoded in higher-dimensional operators with Wilson coefficients given by C/(ΛNP) n , where C is dimensionless, n ≥ 1, and ΛNP is an energy scale. Many extensions of the Standard Model predict that ΛNP should be at the electroweak scale or above, and the search for new short-distance physics is often stated as the primary goal of experiments at the precision frontier. In rather general terms, we investigate the alternative possibility: C 1, and ΛNP mW , to identify classes of precision measurements sensitive to light new physics (hidden sectors) that do not require an ultraviolet completion with additional states at or above the electroweak scale. We find that hadronic electric dipole moments, lepton number and flavor violation, non-universality, as well as lepton g − 2 can be induced at interesting levels by hidden sectors with light degrees of freedom. In contrast, many hadronic flavorand baryon number-violating observables, and precision probes of charged currents, typically require new physics with ΛNP > ∼ mW . Among the leptonic observables, we find that a non-zero electron electric dipole moment near the current level of sensitivity would point to the existence of new physics at or above the electroweak scale.
INTRODUCTION
Accelerator-based particle physics has the goal of probing the shortest distance scales directly, by colliding particles and their constituents at high energies. Thus far, all high energy data is well described by the Standard Model (SM) of particles and fields, with the last missing element, the Higgs boson, identified recently [1, 2] . Considerable attention is therefore focussed on the search for 'new physics' (NP) that may complement the SM by addressing some of its shortcomings. However, the most prominent empirical evidence for new physics, associated for example with neutrino mass and dark matter, does not necessarily point to an origin at shorter distance scales.
Fortunately, experiments at the energy frontier are not the only tools available to probe NP; they are supplemented by searches at the precision (and intensity) frontier (see e.g. [3] ). Precision observables, particularly those that probe violations of exact or approximate symmetries of the Standard Model such as CP and flavor, play an important role in the search for new physics [4] [5] [6] [7] . Their reach in energy scale, through loop-induced corrections from new UV physics, can often extend well beyond the direct reach of high energy colliders. However, measurements at low energies may be sensitive not only to NP corrections coming from the short distances, but also to NP at longer distances (lower mass) with extremely weak coupling to the SM. It is therefore prudent to ask for which precision observables can measured deviations from SM predictions unambiguously be identified with short-distance NP at the electroweak (EW) scale or above? Alternatively, one can ask when such deviations might also admit an interpretation in terms of new low-scale hidden sector degrees of freedom. This is the question we will address in this paper.
The sensitivity of any constraint on new physics is determined on one hand by the precision of the measurement in question, and on the other by the accuracy and precision of any SM calculations required to disentangle background contributions. If the effective Lagrangian is schematically written in the form L = L SM + L NP , the possibility of discovery relies on being able to reliably bound the NP contribution to the observable away from zero. The natural tendency to interpret results in terms of operators in L NP induced by ultraviolet NP can be problematic, as L NP can in general also receive contributions from light weakly-coupled degrees of freedom. This dilemma is nicely illustrated by the theoretical interpretation of a NP discovery that has already occurred, namely the observation of neutrino flavor oscillations. The experimental results are most straightforwardly interpreted in terms of the masses and mixing of the light active neutrino species [8, 9] . However, as is well known, there are a number of possible explanations for their origin. These include a short-distance explanation in terms of the dimension-five Weinberg operator [10] , L NP ∝ (HL)(HL)/Λ UV with Λ UV H , which generates neutrino masses scaling as H 2 /Λ UV . There are also a variety of different UV completions for this operator, with and without heavy right-handed neutrino states, present throughout the theory literature. While this interpretation is certainly valid, there is also the possibility of interpreting neutrino mass as a consequence of very light states N , with m N m W and the quantum numbers of right-handed neutrinos [11] [12] [13] [14] [15] [16] . Such states would typically be very weakly coupled to the SM, thus escaping direct detection. The most prominent model in this class is the simple three-generation extension of the SM with N states that allow Dirac masses for the active neutrinos. Thus we see that neutrino oscillations can be interpreted as the result of UV or IR new physics (or A schematic view of the parameter space of mass scale vs coupling for physics beyond the SM. The horizontal axis represents the mass (or energy) scale, whereas the vertical scale shows the visibility of the model, in terms of the coupling to the SM. The blue visible area is accessible through direct searches. While new high energy physics can contribute to all precision observables, as discussed in this paper there are interesting classes of observables that are also sensitive to low-mass new physics. These are shown in green, and test lepton universality (LU), lepton flavor violation (LFV), lepton g − 2 (MDM), and lepton number violation (LNV). However, observables in the hadronic sector in red, e.g. hadronic flavor violation (HFV) and baryon number violation (BNV), and also lepton electric dipole moments (LEDMs) generally require some new high scale physics. The arrows indicate the pressure imposed on models through increasing experimental sensitivity.
both).
In this paper we scrutinize several classes of precision frontier measurements, and confront them with the possibility of NP confined solely to low energy (sub-EW) scales. Our goal is to find specific examples of light NP that can induce CP -violation, cause deviations from calculated values of g − 2, or lead to flavor changing effects. One condition we set on the classes of such models is the absence of any additional physics at or above the EW scale. In other words, we shall focus on UV complete models of light NP. Given the wealth of particle physics data, only very specific classes of light NP models can still be hidden below the weak scale. In Section 2, we describe this classification of infrared new physics scenarios in more detail. Then in Section 3 we discuss a number of different leptonic and hadronic observables, and explore simple new physics scenarios which provide a possible interpretation of any deviation in precision measurements.
We summarize the analysis in Section 4. A schematic overview of the results is presented in Fig. 1 , which illustrates the classes of (primarily leptonic) observables that can naturally be interpreted in terms of light UVcomplete new physics.
UV AND IR NEW PHYSICS
A simple characterization of UV/IR new physics scenarios follows by making the division at the electroweak scale, so that the chiral electroweak SU (2) L × U (1) Y structure is maintained,
New UV physics can then universally be described at the EW scale by a series of higher dimensional operators constructed from SM degrees of freedom,
Maintaining SM gauge invariance explicitly, we demand that
The lowest dimension d = 5 includes only LHLHtype operators, which contribute to neutrino mass. The number of operators grows rapidly at d = 6 and above [17] . We impose no restrictions on these operators, other than that Λ UV m Z , so that they can consistently be written in SU (2) L × U (1) Y covariant form. Unless these new operators violate some of the well-tested exact or approximate discrete symmetries of the SM, Λ UV can be taken fairly close to the EW scale. It is important to notice that the new states appearing at Λ UV could be charged under any of the SM gauge groups, and some of the most stringent constraints in cases where no specific symmetries are violated now come from the LHC.
In comparison, new IR physics is rather more constrained. A convenient categorization of light NP scenarios can be constructed as follows:
A. Portals: Neutral hidden sectors, with operators of dimension d ≤ 4, can couple through a restricted set of renormalizable interaction channels, the vector, Higgs and neutrino portals (see e.g. [18] [19] , from the low energy perspective, anomalous theories are phenomenologically analogous to UV new physics scenarios with a specific UV cutoff.
Based on this categorization, we will limit our attention to cases A and B, namely those which do not require new charged states at or above the EW scale for consistency. Thus we construct our model examples according to the following rules:
• The dimensionality of operators in the IR sector is restricted to d ≤ 4, as a necessary condition for UV completeness.
• The IR sector cannot contain new SM-charged states. (Otherwise, such states will have to be close to or above the EW scale modulo some exceptional cases where masses as low as ∼ 60 GeV may still be viable [20] ). New charged states fall into the category of NP at the EW scale, and form part of L UV .
• The gauge extensions of the SM are restricted to anomaly-free combinations, which is also a generic requirement of UV completeness [19] .
• We shall not question naturalness of possible mass hierarchies, m IR m W , and will take them as given.
The simplest type of neutral hidden sector (case A) requires new scalars S i , neutral fermions N i and/or new U (1) gauge boson(s) V µ [21] . The most economical renormalizable portal interactions for these states can be written in the form
and can trivially be generalized to multiple new fields and to a charged version of S, S 2 → |S| 2 . Once coupled to the SM through these channels, the IR hidden sector can be almost arbitrarily complicated. S and N can couple to a complex hidden sector involving dark abelian or nonabelian gauge groups, possibly with additional scalar or fermion states charged under those hidden gauge groups. The full hidden sector Lagrangian simply needs to comply with the conditions above. The portal interactions It is also important to discuss some examples of theories that do not satisfy the above criteria. For example, a light pseudoscalar a coupled via the axion portal to a SM fermion ψ, 1 fa ∂ µ aψγ µ γ 5 ψ, clearly requires UV completion at some high energy scale ∼ f a . Interestingly, a light scalar directly coupled to the scalar fermion density, Sψψ, is allowed, provided that this coupling descends from the Higgs portal ASH † H, once the heavy SM Higgs particle is integrated out. This means, of course, that the ratio of the effective Yukawa couplings of S to ψ will obey the same relations as in the SM, and any deviations from this pattern would imply the existence of new Higgs doublets charged under the SM, and hence some new physics at or above the EW scale.
We turn in the next section to discuss a range of precision observables, and seek to determine which of them can receive significant contributions from IR new physics. Table 1 summarizes the results from the next section, and refines the schematic classification of Fig. 1 according to the categorization A-D of new physics models introduced above.
PRECISION OBSERVABLES A. Lepton anomalous magnetic moments
The anomalous magnetic moments of the electron and the muon represent observables [22, 23] where the SM contribution can be evaluated to high accuracy. For electrons, the sensitivity to NP depends on an independent determination of the electromagnetic fine structure constant. Currently, g − 2 of the electron (and related measurements) probe NP contributions at the level ∆a e (NP) < 1.64 × 10 −12 (see e.g. [24] ), whereas g − 2 of the muon famously exhibits a roughly 3.5σ discrepancy [23] between the measurement and the SM prediction, with the central value giving ∆a µ 3 × 10 −9 .
It is tempting to interpret this discrepancy as a consequence of NP that adds a positive contribution to the predicted SM value. While many UV interpretations exist (see e.g. [25] ), ∆a µ (NP) can just as easily result from one-loop contributions of light particles. At the effective Lagrangian level, both g V νμ γ ν µ and λ Sμµ can supply the requisite correction,
This fact is well-appreciated in the literature [26] [27] [28] .
The vector model has UV completions involving a kinetically mixed vector, or alternatively a symmetry based on gauged muon number, such as L µ − L τ . Dedicated searches for 'dark photons' [18] have now placed a number of restrictions on the parameter space of this model. At this point, the kinetically mixed vector option to explain ∆a µ 3 × 10 −9 is essentially ruled out through direct production experiments assuming V decays back primarily to SM states [29, 30] . Moreover, the alternative option of vectors decaying to light dark matter is also significantly constrained [31] [32] [33] . On the other hand, a model with mutliple (cascading) decays of V into the hidden sector can be ruled out only via missing energy signatures, and up to now, significant parameter space is still open for ∆a µ ∼ O(10 −9 ). The L µ −L τ explanation is even less constrained, with only trident neutrino production providing an adequate level of sensitivity [34, 35] . We conclude that there are multiple IR models of NP that can lead to the observable shifts in g − 2, while at the same time escaping direct detection constraints.
In contrast, models based on scalar particles do not provide large shifts to ∆a µ . For example, UV completion via Higgs mixing would imply
as other constraints on the model force A to be much smaller than the weak scale, A m h . Thus, larger values of λ would require additional NP to appear at the weak scale.
B. Lepton flavor violation and universality
We now turn to leptonic flavor-violating observables. In analyzing IR new physics scenarios, it will be convenient to have in mind a specific hidden sector coupled through the neutrino portal. In particular, to the three left-handed active neutrinos ν l , l = e, µ, τ , we add corresponding right-handed neutrinos N R , plus a number of extra singlet fermion states N S . In our search for light NP models able to induce appreciable deviations of precision measurements in the lepton sector, it will prove advantageous to look in detail at a model that uses an inverse seesaw scheme for neutrino masses [36] , 
with
In order to accommodate the light neutrino mass spectrum, we choose m D M D , and m ν . To lowest order, the unitary matrix U that transforms the mass eigenstates into the flavor eigenstates takes the form,
In the m D M D limit, the active neutrino states almost coincide with the flavor states ν i ν l , and the two singlets combine into heavy physical states
The mixing between active-hidden and hidden-hidden neutrino states can also be measured by a set of three characteristic angles,
Because the ν −S and ν −N mixing angles are so similar, we define the angle Θ i ≡ θ νiN to characterize the visiblehidden mixing. We will generally make the assumption that the matrices M D , are diagonal and universal, so that they are characterized by one scale also denoted M D , respectively (this may involve some tuning, since in general it is not possible to simultaneously diagonalize both matrices). The visible Dirac masses m D are nearly diagonal, but not universal, so that m D can be characterized by three parameters m De,µ,τ , thus m ν l ≈ m 10 -2
A plot of the angles Θµ,τ given by equations (10), with
The gray band is inconsistent with the assumption that m D .
B.1. Lepton flavor violation
One NP-sensitive lepton flavor violating (LFV) observable is the µ → eγ decay, whose branching ratio is experimentally constrained to satisfy Br(µ − → e − γ) < 5.7 · 10 −13 [38, 39] . The MEG-II upgrade is expected to have an order of magnitude better sensitivity [40] . Within the context of the SM, this process proceeds through a W − ν loop, an example of which is shown in Fig. 3 . Including corrections from the massive neutrinos, the result is Br(µ → eγ) = (3α/32π)δ 
where
(12) In the small x limit, g(x 1) ≈ 5/3−x/2, and using unitarity we find
. Given the tiny active neutrino masses, the parameter δ ν is dominated by the M ± contributions
Inspection of this formula shows that there is ample room to saturate this inequality with light NP: taking Θ For this particular light NP model, stronger sensitivity actually comes from µ − e conversion in nuclei [47] [48] [49] . There are two transition channels for this process. First, the photonic transition, which proceeds via the same diagram as the µ → eγ on-shell transition, except the photon is now connected to the nucleus. The second, the non-photonic transition, occurs either through Z-boson exchange or a box diagram mediated by Wbosons. Within the model considered here, the nonphotonic transition is dominated by the box diagram. Since we focus on the light neutrino regime, we utilize the result that the box diagram receives a large enhancement (in this case) compared to the photonic transition, Γ ¡ γ /Γ γ ∼ 10 3 [47] , and the box diagram dominates the µ − e conversion rate. The conversion rate compared to muon capture in the nucleus, R µ−e = Γ(µ − e)/Γ capture , is given by
is an enhancement factor accounting for the coherent nature of the transition. The charge form factor can be experimentally determined for various elements, the largest of which is about |F ch | ≈ 0.5 [49, 50] . The parameters β 0 ∼ 30, β 1 ∼ 25, and the factor E e p e /m 2 µ ≈ 1. The best current limit is R µ−e 7.0 · 10 −13 from experiments using gold 197 Au [51] , for which Z = 79, and the coherent enhancement factor is ρ ≈ 1.6 · 10 6 . Therefore, using the above expression for δ ν , we have
which is a stronger constraint on mass and mixing by two orders of magnitude than the µ → eγ branching ratio. Various experiments, either running or in the planning stages, aim to increase sensitivity by several orders of magnitude [52, 53] . This inequality can again be saturated with M D m W . B.2. Lepton Universality Tests of lepton universality provide valuable constraints on masses and mixings of massive neutrinos. There exist various standard decay channels to test lepton universality (see e.g. [45, 54, 55] ). In particular, we will focus on µ − e universality in τ decays, through the R τ observable defined as
In the SM, because the neutrinos are massless, the flavor eigenstates ν l and mass eigenstates ν i coincide so that Γ(τ
. For massive neutrinos, and multiple neutrino states, the masses are linear combinations of flavor eigenstates, and Γ(τ
The R τ ratio has recently been measured by BaBar, R τ = 0.9796 ± 0.0016 ± 0.0036 [56] , which we will approximate as R τ ≈ 1 ± ∆R τ , with ∆R τ = 0.0052. In general, the decay rate takes the form [57, 58] ,
(18) To a good approximation, we can take the active neutrino masses to vanish, and the splitting between the two sterile neutrino states to be negligible, M + − M − ∼ m τ . Thus, the kinematic function I splits into three categories, where either zero, one or two of the sterile states are produced, respectively denoted I 0,1,2 , with each depending only on the mass scales, but not the flavors. These are plotted in Fig. 4 , and are very insensitive to the outgoing lepton masses m µ and m e . As a result,
Using unitarity, we express the visible-visible mixing as
l , using the assumption U lNi = Θ l , with N h the number of hidden flavors. This approximation is valid as long as 1 − N h Θ 2 l > 0. The constraint comes from requiring that ∆R τ = 1 − Γ(τ → µνν)/Γ(τ → eνν) < 0.0052 be within the experimental errors.
The actual significance of this constraint depends on the concrete realization of the mass and mixing pattern. For example, in the situation where the heavy neutrino eigenstates cannot be kinematically produced, the final constraint can be presented as N h |Θ 2 µ − Θ 2 e | < 10 −2 . A somewhat stronger universality constraint can be derived by comparing charged pion decay modes. These constraints can be saturated with Θ 2 l ∼ O(10 −2 ) and, as we saw above, such a mixing pattern can easily arise from new singlet neutrino states with a mass below the electroweak scale.
In summary, using the neutrino mass differences to express Θ µ,τ as functions of , Θ e , we can present the LFV and universality constraints above in the parameter plots shown in Fig. 5 . It is clear that this simple light NP model, with sub-EW scale singlet fermionic states, can induce deviations in µ → e conversion or lepton universality at the level of the current experimental sensitivity. Therefore, if future experiments detect a non-zero result, further work will be required to unambiguously differentiate between light and heavy NP models.
C. Lepton number violation
Neutrinoless double beta decay ββ 0ν is the primary observable for lepton number (L) violation, and the current limits [60] [61] [62] [63] [64] [65] are normally interpreted directly in terms of the light neutrino mass spectrum [66, 67] . Given the existing mass limits on the light eigenstates, the decay rate depends on the effective Majorana mass m In what follows, for completeness, we analyze lepton number violation utilizing the same neutrino model as in the previous section. Recall that the heavy mass eigenstates N i mix with ν e , so that the mass eigenstates can be written as N i = U ei ν e + · · · . It will be sufficient to work with the following analytic approximation for the decay rate [68] ,
where Q+M (Z, A)−M (Z +1, A) is the endpoint energy, The lines correspond to saturation of the respective bounds. MD is bounded above by the requirement MD < mW , and from below by the 0νββ constraint MD 0.1 GeV. We note that at large , the µ − e conversion constraint is by far the strongest, though universality becomes stronger at low . The darker gray area represents the regime where /me > 10 −1 , with no longer 'small'. For completeness, we also show a constraint from onshell production of sterile states at the CHARM fixed target experiment [59] , which applies for MD ∼ < 2 GeV.
and the amplitude takes the approximate form,
The nuclear form factor w(p 0 , | p|) has been approximated by a step function w ∼ w 0 Θ(p 0 − E F )Θ(| p| − p F ), with w 0 ∼ 4 MeV −1 [68] in terms of the nucleon Fermi momentum p F ∼ 100 MeV. (A more precise interpolating formula is given in [69] .)
When the dominant contribution is from the light active neutrinos, the experimental bounds translate to m eff ν 0.12−0.38eV [62, 63] . It is also instructive to separately estimate the sensitivity to the exchange of heavier neutrino eigenstates. Note that when the singlet mass m N p F , the experimental constraints lead to a bound on (p
Within the neutrino mass model described in the previous section, we find
0.3eV. The above bound is displayed in Fig. 5 for comparison with the LFV constraints. LNV provides a subleading constraint within this particular inverse seesaw model, since the lepton number violating parameter is which is taken to be small compared to the other mass scales. However, as already emphasized above, more significant sensitivity to the mixing angle arises in the standard seesaw model, where we enlarge the Majorana terms in the mass matrix.
D. Electric dipole moments
Electric dipole moments (EDMs) constitute an important class of precision CP -odd observables. There are several channels by which CP violation can be communicated from the light NP degrees of freedom to the SM within a UV-complete model. CP -odd mediation can occur via the neutrino portal, and the phases in the Yukawa matrix Y N , provided there are at least two singlet neutrinos N i . The second channel is the Higgs portal. While obviously CP -even by itself, the scalar mediator can couple to a light NP sector in a manner that explicitly breaks CP , and this may be communicated to the SM via higherorder loop effects. We will first consider lepton EDMs induced through the neutrino portal before turning to more generic light NP mechanisms, and subsequently consider hadronic EDMs, which are distinct in that they can be generated at or close to the current level of sensitivity through the QCD θ-term. 
D.1. Paramagnetic (and leptonic) EDMs
We first consider the same neutrino mass matrix studied in the previous subsection. In the SM extended with massive neutrinos, it is possible to generate an EDM at the twoloop level [70] [71] [72] , an example of which is shown in Fig. 6 . These diagrams can be shown to scale as
where ). Thus, we need only look at the cases where either one or two internal neutrinos are heavy, respectively called the h−l or h−h contributions. Looking at the h − h contribution, the mixing that enters is Γ +− , but both U 2 e+ and U 2 e− have the same phase since they are controlled by m D /M D . The CP -odd phase thus cancels from the h − h contribution. Next, the h − l contribution is proportional to Γ νe± ∼ ±m
As a result, the h − l contribution to the EDM vanishes at O( ). So at the lowest non-vanishing order, we have −53 e · cm. The suppression of the upper bound arises from the size of the Majorana mass term , which is set by the constraint on the active neutrino mass squared differences. Therefore, within this model it is not possible to generate a sizeable EDM. However, a far larger EDM is possible in a variant of this model with an extra visiblehidden Dirac mass coupling m 2 . Namely, we switch gear and consider the following extended mass matrix,
in the regime M R,S m Di , . The limiting case = M R = 0 leads to two light neutrinos, and only one heavy neutrino, and will not lead to enhanced EDMs. Therefore we are forced to consider the full spectrum, and treating as a perturbation leads to
where . For simplicity we have ignored the phase in the mass eigenstates. As a consequence, to lowest order in (∼ 0) [71] ,
The ratios m Di /M 10 −1 are the visible-hidden mixing angles. Thus, on choosing a mass scale
2 GeV 2 , one finds d e 10 −37 e · cm. Allowing for significant fine tuning, it is possible to enhance this upper bound to ∼ 10 −33 e · cm, which is still considerably lower than the current experimental upper limit d e < 8.7 × 10 −29 e · cm [73] . Therefore, we conclude that the sterile neutrino CP violating portal falls short of inducing d e close to the current experimental bound.
Taking a more general approach, we now consider a more complex light hidden sector. We introduce a Dirac fermion ψ charged under U (1) V with CP -violating couplings to the scalar singlet S [74] [75] [76] [77] [78] [79] ,
This hidden sector CPviolation can then be mediated to the SM via the CPeven vector and Higgs portals.
Loops of ψ can induce the CP -odd SVṼ vertex shown in Fig. 7 , which will contribute to EDMs at higher loop order, via e.g. Barr-Zee-type diagrams. For example, integrating out the scalar and one of the vector legs, one obtains a 'dark V -EDM' operator of the electron, which will in turn translate to the effective 'EDM radius' operator (analogous to the charge radius). Schematically, this process of integrating out short distance scales can be presented as
, we can utilize existing EDM calculations. For simplicity, we assume that V is parametrically lighter than S and ψ, so the EDM radius takes the form (see e.g. [80] )
where the loop function is given by
and satisfies g(1)
and taking θ ∼ −Av/(m 2 h ) 1, we have
This operator leads to the usual s − p mixing of atomic orbitals, and the atomic EDM linked to the electron spin direction. While a full atomic calculation is required to deduce the size of the matrix element, we will resort to estimating its size by saturating with the square of the inverse radius of a K-shell. Then, the effective EDM radius translates to an electron EDM of size d 
which is still well below the current sensitivity to the electron EDM [73] . The main difficulty is in taking m V in the sub-MeV range, where g−2 of the electron imposes a strong limit on kinetic mixing, κ < 10 −4 . We note in passing that extracting a proper limit on the 'dark V -EDM', or r 2 de , is a well-motivated problem for atomic physics, in line with the recent investigation of CP -odd operators induced by a mediator of mass comparable to the inverse atomic scale [81] .
Another contribution to the experimentally accessible paramagnetic EDMs of atoms and molecules is the semileptonic interaction C SN Nēiγ 5 e. This operator can also be generated through the hVṼ vertex, and allows access to a regime with larger m V for which the constraints on κ are somewhat weaker. However, this contribution is still not at a level that can approach the current experimental sensitivity. Thus, at least within this restricted class of hidden sectors, we conclude that paramagnetic EDMs (and specifically lepton EDMs) are in practice a probe of UV new physics.
D.2. Diamagnetic (and hadronic) EDMs Hadronic EDMs can also be induced using the mechanism outlined above, via the hidden sector Barr-Zee diagram, although again necessarily below the current level of sensitivity. However, hadronic EDMs can also be generated by the QCD θ-term, which is a marginal operator [82] [83] [84] [85] . The strongest current limits in this sector are from the EDM of the neutron [86] 
and the EDM of the Hg atom [87] ,
where the apparent strength of the Hg EDM bound is tempered by Schiff screening of the nuclear EDM. The contribution ofθ to the neutron EDM takes the form (see e.g. [88] ),
This leads to the current constraint ofθ < 10 −10 . The contribution ofθ to d Hg is more complex, and for some time it appeared that it would be isospin-suppressed, with the Schiff moment for Hg primarily sensitive to the CP -odd isovector pion-nucleon couplingḡ 1 (θ) ∼ 0.001θ rather than the isoscalar couplingḡ 0 (θ) ∼ 0.05θ. However, more recent analyses of the Hg Schiff moment have indicated thatḡ 0 may provide a comparable contribution toḡ 1 [89] . Taking the current 'best values' [5] indicates that
(38) This is a factor of 6 below the current bound, but given that the precision of the calculation is generally understood to be at the order of magnitude level [5, 88] , it is clear that a nonzero detection of d Hg could not unambiguously be distinguished from the effect of nonzerō θ.
We conclude that, at current levels of sensitivity, nonzero detections of the dominant hadronic EDM observables could be explained without additional UV new physics, simply through CP -odd QCD physics in the form ofθ. Further improvements in the sensitivity to d n could of course change this picture.
E. Hadronic flavor violation
We now turn to precision quark flavor-violating observables, with the b → sγ transition as a benchmark. There are a couple of features which clearly distinguish these observables, particularly concerning the role of light new physics. Firstly, since the RH states are charged, there is no analogue of the neutrino portal, and thus no renormalizable flavor-violating interactions that do not involve new charged states. Given the existing limits on new light degrees of freedom which are charged, this pushes hadronic flavor violating observables into a category that is primarily sensitive to UV new physics. Having said this, the second distinguishing feature is that the SM itself provides non-negligible contributions to hadronic flavor violation through the CKM matrix. This allows for new flavor violating transitions to occur on introducing purely flavor-diagonal light NP. An example is the kinetic mixing between V and γ (or Z) in (3) that can induce flavor-violating transitions of the form b → sV and thus b → sγ * (Z * ). However, given the constraints on kinetic mixing, this mechanism is too weak to produce sizeable effects without additional V − Z mass mixing that in turn requires new UV physics [90] . Moreover, utilizing a W -boson loop at leading order for example, the SM contributes to Br(B → X s γ) = (3.60 ± 0.30) · 10 −4 [91] , while the BaBar sensitivity is Br(B → X s γ) (3.15 ± 0.23) · 10 −4 [92] . Thus, the sensitivity to new physics is also limited by the precision of SM calculations.
Since these observables are not primarily sensitive to light new physics in the categories that we have delineated, we will not consider them in detail. However, it is worth outlining how a model with low energy flavor violation can be realized, albeit one that still relies on additional heavy charged states for consistency. We consider a model in which we gauge an anomaly-free U (1) combination of quark flavors, Q f 1 − Q f 2 [93, 94] , with a diagonal (and vectorial) gauge coupling of the form [95] [96] [97] [98] ,
with e.g. z Q3 = z b = −z Q2 = −z s = 1. On transforming to the mass eigenstate basis, this non-universal coupling will generate a flavor-violating b − s − Z vertex, and mediate sizable flavor violating transitions. In practice, this imposes significant constraints on the combinations of g z z Q,b,s , and is usually used to motivate flavor-universal U (1) charge assignments. Here, we are interested in having a light Z that can indeed mediate these transitions at the level to which current experiments are sensitive. If we assign integer charges, then a small gauge coupling g z ∼ 10 −5 will be sufficient for this purpose. As has recently been emphasized [94] , K 0 −K 0 mixing requires g z |z Q2 −z Q1 | < 10 −5 M Z /(1 GeV), while B 0 −B 0 mixing imposes similar constraints on g z |z Q3 − z Q1 |. An explicit Z model based on 'horizontal' flavor symmetries, related to possible anomalies in B 0 decays, can be found in [99] . The gauging of flavor non-universal symmetries leads to further model building requirements for the quark mass spectrum, as the Yukawa matrices are now subject to additional constraints. Additional charged Higgs fields are required, which necessarily lie above the EW scale given the current LHC constraints. Thus, while quark flavor-violation could be mediated via a light Z , the model would necessarily involve charged states above the EW scale, and thus UV new physics.
F. Baryon number violation
New non-SM sources of baryon number violation, for which the primary precision experiments are searches for proton decay, necessarily require new UV physics. The minimal baryonic vertex that converts two quarks into an anti-quark and a lepton corresponds to a higherdimensional operator that requires new charged states in any UV completion of which we are aware. Therefore any detection of proton decay or n −n oscillation will most likely point to the weak scale or above, as a possible source of baryon number violation. An alternative means of introducing a low energy mediation mechanism is to gauge B (see e.g. [100] ) within a more extended gauge group, and rely on a new non-perturbative sector to break this new gauge symmetry. This, however, may not necessarily lead to any proton decay, or any other baryon number-violating observable without the participation of new charged fields in the UV.
CONCLUSIONS
Empirical evidence for new physics, e.g. neutrino oscillations or dark matter, does not always provide us with much guidance as to a natural mass or energy scale. As noted in the Introduction, there are UV and IR scenarios for neutrino oscillations, both of which are currently viable. Sometimes it is argued that the evidence for dark matter points to NP at a UV scale at or above the electroweak scale (i.e. via the 'WIMP miracle'). While this may be true for examples such as the MSSM neutralino or the QCD axion, which require UV completion with states above the EW scale, there are many viable examples of dark matter based on UV complete models that do not introduce additional heavy degrees of freedom: these include keV-scale sterile neutrinos, and light scalar and vector fields that are populated via the freeze-in mechanism and/or vacuum misalignment (see e.g. [101] [102] [103] for some early ideas). Therefore, the existence of dark matter cannot unambiguously be used as a pointer to new UV physics, any more than the existence of neutrino mass can be used in the same way. This may change if, for example, very energetic products of dark matter annihilation or decay are discovered that would be hard to accommodate within the light NP paradigm. Nonetheless, the observation that various scenarios currently remain open and experimentally testable has motivated the analysis in this paper, namely surveying the possible implications of light NP for precision measurements.
We have explored the sensitivity of several classes of precision observables to UV-complete models of light NP. While it is common to automatically interpret precision measurements in terms of generic UV new physics scenarios, we have emphasized that many of these observables are often most simply considered within models of weakly-coupled hidden sectors. Operationally, the measurement of any deviation from a SM prediction will necessarily lead to a lengthy process to uncover its origin. Even conclusive evidence for a new phenomenon (neutrino oscillation, dark matter) still entails further work to discriminate between viable interpretations involving light NP and physics at the EW scale and above. Currently, this process is underway for the measurement of g − 2 for muons, where both light NP and EW scale phenomena may in principle be causing the discrepancy with SM predictions. Another existing hint of a deviation, in hadronic flavor physics (semileptonic B decays at LHCb), points instead to models of NP which necessarily involve new degrees of freedom at the EW scale or above. The exercise performed in this paper generalizes these examples to a broader set of precision observables and broader classes of models for light NP. In particular, we have found that the neutrino portal allows for a description of many observables in the leptonic sector, while observation of a nonzero electron EDM or related leptonic CP -violating observables would point to NP at or above the electroweak scale. In addition, we observed that several classes of observables that intrinsically involve hadronic flavor violation, baryon number violation, or changes to the charged currents (and thus electroweak symmetry breaking), seemingly allow an unambiguous interpretation in term of new short-distance physics.
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